Signatures of the existence of frontal and lateral ramp structures near the Kishtwar Window of the Jammu and Kashmir Himalaya: Evidence from microseismicity and source mechanisms by Himangshu, Paul & Priestley, Keith
Geochemistry, Geophysics, Geosystems
Signatures of the Existence of Frontal and Lateral Ramp
Structures Near the Kishtwar Window of the Jammu
and Kashmir Himalaya: Evidence From
Microseismicity and Source Mechanisms
Himangshu Paul1,2 , Keith Priestley1 , Debarchan Powali3, Swati Sharma4 , Supriyo Mitra3 ,
and Sunil Wanchoo4
1Bullard Laboratories, University of Cambridge, Cambridge, UK, 2Presently in Institute of Seismological Research,
Gandhinagar, India, 3Department of Earth Science, IISER Kolkata, Mohanpur, India, 4School of Physics, SMVD University,
Katra, India
Abstract We study the Kashmir seismic gap using data from a network of local broadband stations
spanning southeastern Kashmir Valley and Jammu. We detected and located several hundred earthquakes
using continuous data recorded in our network. The earthquakes (ML 1.0–5.0) were relocated using
probabilistic and relative location methods to obtain a subset of events with depth and spatial uncertainty
≤1.5 km. The earthquakes were found to cluster along two adjacent lines parallel to the strike of the
Himalaya but at diﬀerent depths. The SW cluster was found to be shallower (4–15 km) than the NE
cluster (13–18 km). The events in the SW cluster shallowed toward NW from SE. We calculated the source
mechanism of larger earthquakes (ML ≥3.0) using global and local data sets. The source mechanism results
show dominant thrust motion of the earthquakes in the NE cluster. Considering nodal planes dipping to
the northeast as fault planes, we obtained the model of a steep frontal ramp close to the locked portion
of the Main Himalayan Thrust. The model obtained for SW cluster of seismicity showed the presence of
a lateral ramp dipping to the SE. Normal faulting was observed in the SW cluster. Our analysis shows two
possible causes for the existence of these normal faults—the existing strike-slip motion loading/unloading
stresses on the lateral heterogeneities within the decollement or the transfer of potential energy by
sediment yield of the river Chenab. The elevated ﬂat situated northwest of the lateral ramp gives rise to
very shallow microseismicity (4–7 km).
Plain Language Summary The Indian plate is underthrusting beneath the Eurasian plate. This
resulted in the creation of the Himalayas. This underthrusting creates tremendous stress within the contact
layer of the two plates known as the decollement. These stresses when released gives rise to megathrust
earthquakes. However, there are regions within the Himalaya which have not seen megathrust earthquakes
over a period of more than 500 years of recorded history. These regions are called seismic gaps. One such
seismic gap lies between the 1905 Kangra earthquake and 2005 Kashmir earthquake regions and is known
as the Kashmir seismic gap. We set up a network of seismological stations in the Kashmir seismic gap to
understand its nature. We detected several hundred microearthquakes (Magnitude 1.0–5.0) from data
recorded in our network. Relocation and focal mechanism study (ﬁnding the orientation and slip of the
faulting) showed that the earthquakes lie on two speciﬁc locations—one shallow (depth 4–15 km) and the
other deep (13–18 km) but both lying within the decollement. The foci of the deep earthquakes exhibit a
steep frontal ramp in the locked decollement region, whereas shallow earthquakes show a lateral ramp to
the southwest. Normal faulting is observed above the lateral ramp structure.
1. Introduction
The convergence of the Indian Plate and the Eurasian Plate takes place along a basal decollement known as
the Main Himalayan Thrust (MHT). Approximately, a third of the convergence rate is accomodated within the
Himalayan wedge in the form of crustal shortening andmoderate seismicity (Bilham et al., 1997). Global Posi-
tioning System (GPS) studies have shown that the shallow portion of the MHT is frictionally locked (Bilham
et al., 1997; Jouanne et al., 1999; Larson et al., 1999) and accumulates strain during convergence. As the break-
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ing stress is exceeded, the Eurasian Plate lurches southward over India resulting in megathrust earthquakes
(Mw ≥ 7.5; Bilham et al., 2001; Molnar, 1987). However, it is not known if every section of the Himalayan arc
has produced suchmegathrust earthquakes. Historical records of major and great earthquakes (Ambraseys &
Douglas, 2004; Iyengar et al., 1999) reveal at least two seismic gaps (see inset of Figure 1) where megathrust
events have not taken place in the last 500 years (Bilham & Wallace, 2005). These are the eastern Himalayan
seismic gap (∼250 kmalong-arc distance between themeizoseismal zones of the 1934Nepal and 1950Assam
great earthquakes, Ambraseys & Douglas, 2004; Bilham & Wallace, 2005) and the central Himalayan seismic
gap (∼200-km distance between the 1905 Kangra earthquake rupture area, Wallace et al., 2005, and the over-
lapped meizoseismal regions of the 1803 Kumaon and 1505 Lo Mustang earthquakes, Ambraseys & Jackson,
2003; Bilham & Wallace, 2005). Similarly, in the western Himalaya, the along-arc region bounded by the rup-
ture zones of 1905MW 7.8 Kangra earthquake and the 2005MW 7.6 Kashmir earthquake (Kaneda et al., 2008)
encompassing the Kashmir Valley, Pir Panjal, and Jammu (Figure 1), is termed as the Kashmir seismic gap (Khat-
tri, 1999; Schiﬀmanet al., 2013). The 1905MW 7.8 earthquakewhich ruptured an area of 55×100 km2 (Figure 1)
occurred in the Kangra Valley (Himachal Pradesh) and had a uniform slip of ∼4 m (Wallace et al., 2005). The
2005,MW 7.6 Kashmir earthquake, on the other hand, occurred on the western margin of the Hazara Syntaxis
between Bagh and Balakot on multiple faults with its surface rupture (Figure 1) partially following the Main
Boundary Thrust (MBT; Avouac et al., 2006; Bendick et al., 2007; Kaneda et al., 2008). It released a∼5.1-m slip on
the surface fault and another ∼35% of it in the blind wedge thrust beneath the Indus-Kohistan Seismic Zone
(IKSZ; Bendick et al., 2007). The Kangra and the Kashmir earthquakes on the southeast and northwest end of
the Kashmir seismic gap are the most devastating earthquakes in this region, claiming several tens of thou-
sands lives collectively; however, there has been no evidence of great decollement earthquakes within the
gap. The 1555 earthquake, which has amagnitude (MW ) of 7.56 (Ambraseys & Douglas, 2004), may have ﬁlled
this gap with the SE edge of its rupture area extending up to ∼140 km southeast of Srinagar (Ambraseys &
Jackson, 2003; Figure 1). However, data from this earthquake are limited to noninstrumental historical records
and conclusive inferences about the exact location and rupture area cannot be made. Since then, the Bara-
mulla earthquakeof 1885 (MW 6.3; Ambraseys&Douglas, 2004) is theonly strongearthquake tohaveoccurred
within this gap.
The Kishtwar Window marks the separation of the Higher Himalayan crystallines from the underlying Lower
Himalayan sedimentary/metasedimentary rocks near the Kishtwar region (Singh, 2010; Thakur, 1998). The
Kishtwar Window is bounded by the Kishtwar Thrust in the southwest and MCT on the northeast. A plot of
seismicity (magnitude≥4.5, depth≤30 km; http://www.isc.ac.uk/iscbulletin/search/catalogue/) in this region
(Figure 1) since 1905 reveal that majority of the seismicity is concentrated on the Hazara Syntaxis and the
IKSZ. Minor seismicity is observed in the Kashmir seismic gap between the Kishtwar Window and NW edge
of the 1905 rupture zone while the rest of the seismic gap seems to be seismically quiet. A few 5+ magni-
tude earthquakes are observed to have occurred very close to the Kishtwar Window, the latest among them
is the 2013 MW 5.6 earthquake (shown as a blue star in Figure 1). It was a thrust fault occurring at a depth
of 16 ± 3 km (Mitra et al., 2014). Interestingly, the past (1980) moderate earthquakes near the Kishtwar Win-
dow were also thrusts (shown in pink color in Figure 1, obtained from GCMT catalog). Therefore, it probably
is indicative of the activity within the MHT or its splays. This study aims to investigate this particularly active
region of the Kashmir seismic gap using data from a focused network of local broadband stations. We detect
and locate microearthquakes within a very narrow uncertainty bound to identify active fault planes. It is fol-
lowed bywaveformmodeling of larger earthquakes (ML ≥ 3) to compute sourcemechanisms which will help
to recognize and understand the nature of deformation going on in this region. Finally, we discuss the local
structure, importance of lateral heterogeneities, and possible causes of the seismicity based on our results.
2. Data
To better understand the nature of the Kashmir Seismic gap, a seismological experiment was initiated in
this region by the UK-IERI Thematic Partnership between Indian Institute of Science Education and Research
Kolkata (IISER-K) and University of Cambridge (CU) in 2011 and later on funded by UGC-UK-IERI and UGC
Major ResearchProjectbetweenShriMataVaishnoDeviUniversity (SMVDU), IISER-K, andCU. Thecollaborative
details can be found in the Acknowledgments section. The objective of this experimentwas to broaden scien-
tiﬁc knowledgebase and to enable seismic hazard assessment of the region. In theﬁrst phase, ninebroadband
seismological stations were installed spanning Shivalik, Lesser, and Higher Himalaya across Jammu-Kishtwar
transect (Figure 1). Stations AKNR, SMVD, NGRT, SUND, and TAPN were installed in the Shivalik Himalaya,
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Figure 1. The tectonic map of Jammu and Kashmir Himalaya. The thrust faults and other tectonic features (Avouac et al.,
2006; Burg et al., 2005; Searle et al., 1992) are shown as solid black lines. The seismicity in the region since 1905 (ISC
reviewed bulletin, magnitude ≥ 4.5, depth ≤ 30 km) is plotted as circles and color coded by magnitude. The shaded
green ovals represent approximate rupture area of historical earthquakes—1555, 1885 (Ambraseys & Douglas, 2004;
Bilham & Wallace, 2005), 1905 (Szeliga & Bilham, 2017; Wallace et al., 2005). Rupture area of other great earthquakes
along the Himalayan arc, viz., 1505, 1833, and 1934 Nepal earthquakes, 1803 Kumaon earthquake, 1897 Shillong, 1950
Assam earthquake (shaded ellipses, approximate area from Bilham & Wallace, 2005), and recent earthquakes like the
2005 Kashmir event and the 2015 Gorkha earthquake (yellow stars) are shown in the inset. The epicenter (NEIC catalog)
of 2005 MW 7.6 Kashmir earthquake is shown as a red star and the surface rupture by aligned red diamonds (Kaneda
et al., 2008). The GCMT solution is shown as a beachball (red) representation. The 2013, MW 5.6 Kishtwar earthquake is
shown as a blue star and its source mechanism as a blue beachball (Mitra et al., 2014). Source mechanism (GCMT
solution) of two MW 5.5 earthquakes in 1980 in this region are plotted in pink. The two 6+magnitude earthquakes
(SW of Kishtwar earthquake shown as green circles) occurred in 1914 and 1940, respectively, and therefore their source
mechanisms are not available. The blue rectangle denotes the region of observed activity in this study. The inverted
triangles (cyan) represent broadband seismological stations whose data have been utilized for this study. MFT = Main
Frontal Thrust, MBT = Main Boundary Thrust, MCT = Main Central Thrust, SRT = Salt Range Thrust, KW1 = Kishtwar
Window, KW2 = Kulu Window, IKSZ = Indus Kohistan Seismic Zone, ZSZ = Zanskar shear zone.
UDHM and RAMN in the Lesser Himalaya, and BADR and PHAG were situated in the Higher Himalaya.
All of these stations were equipped with Güralp CMT-3T/3ESPCD sensors. CMG-3TD seismometers have a ﬂat
velocity response between 120 s and 50 Hz whereas CMG-3ESPCD seismometers have ﬂat velocity response
between 60 s and 100 Hz. Continuous data were stored in CMG-DCM/EAM data loggers recording at 100
samples per second. The data were time marked by real-time GPS synchronization. These data were used for
detecting, locating and waveform modeling of local earthquakes. We also used waveform data from Global
Digital Seismic Network (GDSN) stations procured via Incorporated Research Institutions in Seismology (IRIS)
Data Management Center (DMC) for computing the source mechanisms of the bigger events (ML ≥ 4.5).
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3. Earthquake Location
3.1. Automatic Detection and Location
We used continuous data recorded on our local network of stations to detect and locate earthquakes using
the Coalescence Microseismic Mapping (CMM) program of Drew et al. (2013). This program consists of two
subprograms. The ﬁrst subprogram is an autopicker, which scans through continuous time series from all sta-
tions and triggers for arrival (P or S) whenever the ratio of short-term average to long-term average (STA/LTA)
of the amplitude exceeds a threshold value. The vertical seismogram is band-pass ﬁltered between 2 and 8Hz
while the horizontal seismograms between 1 and 8Hz to prioritize dominant frequencies of events and atten-
uate dominant frequencies of noise. Diﬀerent frequency ranges are chosen such that P onsets are dominantly
triggeredon the vertical component and Sonsets on thehorizontals. The LTAwas computedby taking the rms
amplitude of a 9-s window preceding the measured data point and the STA as the rms amplitude of a 0.45-s
window following the data point. A short STA ensures triggering of short-lasting local earthquakes (Bormann
&Wielandt, 2013). We have taken a small value of threshold LTA/STA (2.5) so that wemiss very few events. The
length of the small and long windows, high- and low-cut ﬁlters, and the threshold value were arrived at by
trial-and-error tests to detect optimally a high number of events while simultaneously minimizing false trig-
gers (man-made noise, instrumental ﬂickering, etc.) and hence, these values are particularly applicable for our
data set and sites.
The second subprogram locates events by coalescing backprojected seismic energy. At ﬁrst, the study region
is divided into a subsurface 3-D grid for a deﬁned velocity model. We selected our study region as a grid of
width 400 km in the E-W direction, 300 km in the N-S direction, and a depth of 70 km with 251 gridpoints in
each direction. The central grid point of the grid (33.40∘N, 75.25∘E) was close to the center of our seismolog-
ical network. Although it is ideal to have the grid region conﬁned to the network of stations only (spanning
∼180 × 50 km2, in our case) for better locations, we took a larger grid to test if events from the meizoseismal
regions of 2005 Kashmir earthquake and 1905 Kangra earthquake can be detected. The velocity model that
we implemented is an average of the velocity structure obtained by joint inversion of receiver function and
surface wave dispersion study in this region (Sharma et al., 2018) and is given in Table 1. Once the grid is ﬁxed,
a look up table (LUT) is prepared consisting of forward modeled traveltimes (for P and S) from every station
to every grid point. With the help of LUT, the phase onsets from each triggered stations were migrated back
to every grid point, for every time step, until they meet at a point which is then considered as the event loca-
tion. Using this procedure, we detected and located 1,326 earthquakes for a period between July 2013 and
June 2014. About 46% of this seismicity was within our network of stations, distributed in the region between
Main Frontal Thrust (MFT) and Kishtwar Window. Approximately 39% of the seismicity was found to be in the
Hazra Syntaxis and IKSZ, away fromour network; we had very little control over the depth uncertainty of these
distant events. The rest of the seismicity appeared as several isolated patches in Tibet and Pakistan. We only
considered 612 events that occurred within our network for further analysis. A plot of these 612 earthquakes
along with their errors in X , Y , and Z directions is shown in Figure S1 in the supporting information.
3.2. Probabilistic Relocation Using Manual Picks
In CMM, the statistical uncertainty in arrival time is measured as a function of the inverse logarithm of
the signal-to-noise ratio (SNR; Aki & Richards, 2002) because the probability density function (pdf) repre-
sented by the STA/LTA function is proportional to the SNR of the arrivals (Drew et al., 2013). We considered
a low-threshold STA/LTA value for maximum detection, but this resulted in a high uncertainty in arrival time
and, hence high uncertainty in location of events with low SNR. To constrain the location better and to reduce
the overdependence on the SNR,wemanually picked P and S arrivals fromeach seismogramof the 612 events
and entered them into a probabilistic, nonlinear location program called the NonLinLoc (Lomax et al., 2000).
Similar to CMM, NonLinLoc also divides the velocity model into a grid and calculates traveltime from each
station to all the grid points by a ﬁnite diﬀerence method (Podvin & Lecomte, 1991). We used a smaller grid
of 180 km E-W width, 120 km N-S width, and 40 km depth from the surface with the central grid point at
33.0∘N and 75.2∘E. The grid cells were also made ﬁner (0.50 × 0.50 × 0.25 km3). We used the same velocity
model (Sharma et al., 2018) as was used in the ﬁrst stage of the location procedure. The errors in observed
arrival times and the theoretically calculated traveltimes were assumed to be Gaussian in this program, which
provided a complete, probabilistic solution for the spatial location in the form of a posterior probability den-
sity function (Tarantola & Valette, 1982). TheMetropolis-Gibbs algorithmwas employed for eﬃcient search of
the solution space. Out of the 612 events, 218 events were found to be very well located. They had a maxi-
mum uncertainty of ±1.2 km in longitude, ±1 km in latitude, and ±1.5 km in depth. The observed seismicity
PAUL ET AL. 3100
Geochemistry, Geophysics, Geosystems 10.1029/2018GC007597
Table 1
An Average Velocity Model Obtained From the Joint Inversion of Receiver
Function and SurfaceWave Dispersion Results of Sharma et al. (2018)
Layer Depth to P wave Swave
no. top of layer velocity velocity
(km) (km/s) (km/s)
1. 0.0 4.67 2.56
2. 1.0 4.93 2.68
3. 2.0 5.26 2.86
4. 3.0 5.38 2.92
5. 4.0 5.98 3.25
6. 5.0 6.13 3.34
7. 6.0 5.87 3.19
8. 8.0 5.42 2.95
9. 10.0 5.51 3.00
10. 12.0 5.65 3.07
11. 14.0 5.81 3.16
12. 16.0 6.06 3.29
13. 18.0 5.98 3.25
14. 20.0 6.29 3.42
15. 22.0 6.01 3.27
16. 24.0 6.07 3.30
17. 26.0 6.34 3.45
18. 28.0 6.66 3.62
19. 30.0 6.44 3.50
20. 32.0 6.71 3.65
21. 34.0 6.53 3.55
22. 36.0 6.89 3.74
23. 38.0 7.14 3.88
24. 40.0 7.23 3.93
25. 42.0 7.17 3.90
26. 44.0 6.91 3.76
27. 46.0 6.77 3.68
28. 48.0 6.81 3.70
29. 50.0 7.20 3.92
30. 52.0 7.68 4.18
31. 54.0 7.97 4.33
Note. This velocitymodel is formedby combining the velocitymodels from
stations SMVD, PHAG, BADR, TAPN, UDHM, and AKNR.
was found to be grouped into two adjacent clusters aligned along axes parallel to the deformation front and
located between the Main Central Thrust (MCT) and Kishtwar Window (Figure 2). The cluster to the NE had
a depth distribution of ∼4–18 km, while the cluster to the SW was comparatively shallow (4–15 km). A few
stray events were also observed farther southwest.
To calculate the local magnitude (ML) of events, we used the relation of Hutton and Boore (1987) given by
ML = log(A) + 1.110 log(r∕100) + 0.00189(r − 100) + 3.0 (1)
where A is the maximum amplitude of the Wood-Anderson’s seismometer and r is the hypocentral dis-
tance. We ﬁrst deconvolved the instrument response from our seismograms, reconvolved them with the
Wood-Anderson response and then measured the half height of the maximum peak-to-peak amplitude on
the horizontal components. However, this magnitude (equation (1)) is accurate only for regions which have
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Figure 2. The events relocated by NonLinloc (Lomax et al., 2000) are shown on map and cross section along proﬁles
perpendicular (B1–B1’) and parallel (B2–B2’) to the deformation front, respectively. The cyan triangles represent
stations. The error bars show uncertainty of location in X (longitude), Y (latitude), and Z (depth) direction. Only those
events were included whose uncertainty in each of X , Y , and Z directions were ≤1.2 km, 1 km, and 1.5 km, respectively.
The events are color coded by depth in map view. The actual 3.5-km elevation contours are shown by thin dash-dotted
lines (red). The representative 3.5 elevation contour is approximated from the actual contours and is represented by
thick red dashed line. The geological features—Main Central Thrust and Kishtwar Window (KW1)—are marked in the
cross section by diamonds (blue). The magnitude histogram is shown in the inset.
similar attenuation characteristics as southern California. To account for this, we modify the amplitude mea-
surements by multiplying them with a scalar based on the attenuation relation obtained for the Himalaya
(Szeliga et al., 2010). The best located events were between ML 1.0 and ML 5.0 with the median ML equal to
2.3. The magnitude histogram is shown in Figure 2 as an inset.
3.3. Relative Locations
Relative locations further reﬁne the resolution of the hypocenters and can align the diﬀused seismicity along
active fault lineations or narrow planar brittle zones. We use the double-diﬀerence algorithm of Waldhauser
and Ellsworth (2000) (HypoDD) to improve the location precision. This method is based on the principle that
the diﬀerence in traveltimes of two nearby events can be attributed to their spatial oﬀset if their separation is
small compared to the station-event distance and length of velocity heterogeneity. At ﬁrst, a network of pair-
wise connected events is createdwith a ﬁnite number of neighbors to each eventwithin a given search radius.
Outlier events, whose delay times exceed maximum expected delay are eliminated. Then the diﬀerential
predicted and observed traveltimes of all pairs of earthquakes are minimized by adjusting their hypocen-
ters vectorially using the single value decomposition (SVD) method. This is done iteratively with maximum
hypocentral separation between pairs, threshold residual time, and distance weighting, decreasing gradually
in each iteration. This results in a decreasing number of events but high precision of the remaining events in
the clusters.
In addition to arrival times from catalogs, accurate relative arrival timings obtained by cross-correlatingwave-
forms were also provided to increase location precision. Accurate relative timings were obtained by applying
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Figure 3. The events relocated by HypoDD (Waldhauser & Ellsworth, 2000) are shown on the map and cross section
along proﬁles perpendicular (B1–B1’) and parallel (B2–B2’) to the deformation front, respectively. The cyan triangles
represent stations. The error bars represent the uncertainty in location with respect to the cluster center. The events are
color coded by depth in map view. The actual 3.5-km elevation contours are shown by thin dash-dotted lines (red). The
representative 3.5-km elevation contour is approximated from the actual contours and is represented by thick red
dashed line. The known geological features—Main Central Thrust and Kishtwar Window (KW1) are marked in the cross
section by diamonds (blue). The magnitude histogram is shown in the inset.
a band-pass ﬁlter of corners 0.5 and 8Hz on thewaveforms and cross correlatingwith one another over awin-
dow of 0.5 s preceding the marked arrival time and 5 s following it. We start the relative locations with 218
events obtained from NonLinLoc. At each iteration, the maximum separation between the linked pairs and
the threshold residual time were reduced gradually from 5 to 1 km and 0.5 to 0.01 s, respectively. Most of the
shallow earthquakes in the NE cluster manifested as airquakes. In total, 62 airquakes were produced during
the iterations. This is supported by the fact that we had the largest uncertainty in the Z direction. The isolated
events and other events from the two clusters were deleted due to the iterative reweighing, change in dis-
tance separation, and residual time. The large number of event deletion could be due to the large separation
between the two clusters of seismicitywhich reduces thenumber of linkages. The average interevent distance
was found to be ∼550 m. The HypoDD results are shown in map view and along twomutually perpendicular
cross sections in Figure 3. The diﬀused seismicity seen in Figure 2 is now sharp with a reduced number (118)
of very well located events. The uncertainty of location with respect to the cluster center is within a few hun-
dreds of meters for most of the events except a very few small earthquakes (ML ≤ 2.0), especially in the SW
cluster, whose uncertainty values reaches∼1 km. To further test the errors in relative location with respect to
cluster center, bootstrapping was done in which the HypoDD relocation was repeated by replacing stations
one at a time. The average error variance was found to be∼5%. The seismicity appear as two distinct clusters
of diﬀerent depth range parallel to the local deformation front and separated by a distance of ∼22 km. The
NE cluster is close to the Kishtwar Window with focal depth ranging from 13 to 18 km while the SW cluster is
shallowwith a depth range of∼4–15 km. Seismicity at a depth of∼7–15 km in the SW cluster is obvious, but
earthquakes shallower than 7 km (see cross-section B1–B1’ of Figure 3) is unanticipated and seems implausi-
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ble given the fact that active fault fronts (MFT andMBT) aremuch farther to the south. However, cross-section
B2–B2’ shows us that the seismicity shallows gradually toward the NW from SE and not vertically up. We will
see later that this shallow seismicity is an eﬀect of the local structure as well as of the distinct tectonics in
this region. The number of large earthquakes (ML ≥ 3.0) are more in the NE cluster compared to the SW clus-
ter, which is expected as they are produced in the vicinity of the locked zone of the MHT. The magnitude
histogram is shown in the inset of Figure 3.
4. Earthquake Source Mechanism
In order to gain more insights into the style of deformation in this region, we computed the source mecha-
nismsof the larger events. Among thebest located events (byHypoDD),weﬁnd21 earthquakeswithML ≥ 3.0.
Global data from GDSN stations were available for computing source mechanisms for the two largest events
(ML 5.0 andML 4.8), whereas for the rest of the events, we used local data from our network of stations.
4.1. Source Mechanism Using Global Teleseismic Data
Weused themoment tensor inversion algorithm ofMcCaﬀrey and Abers (1988) to calculate the sourcemech-
anism of the two largest events. In this method, the broadband teleseismic (30∘ ≤ epicentral distance ≤ 80∘)
waveform from49GDSN stationswere converted into long-periodwaveforms, ﬁrst, by removing their respec-
tive instrument responses and then by adding the response of long-period (15–100 s) WWSSN (World-Wide
Standard Seismographic Network) instruments. P and SHwaveformwindows (60 s, starting 2 s before the the-
oretical time mark) cut from the vertical and tangential component seismogram, respectively, are inverted.
Synthetics were computed for a point source within a simple Earth structure by convolving the source time
function with the Green’s function computed for direct, reﬂected, and multiple phases. We considered a
two-layer velocity model with the ﬁrst layer being an average of the ﬁrst 10 km of the velocity model given in
Table 1 and the second layer a half-space. The source was assumed to be in the second layer. The source time
function was deﬁned to be made up of multiple overlapped isosceles triangles of 1.5-s half-width. The misﬁt
between the observed and synthetic P and SHwaveforms (40-s windows) were minimized in the least square
sense, iteratively and the minimum misﬁt solution is chosen as the ﬁnal result. In our analysis, we assumed
the isotropic component to be zero and the source mechanism was computed for a double couple solution.
Details of the methodology can be found in McCaﬀrey and Nabelek (1987) and Nabelek (1984). We found
both the earthquakes to have undergone thrust motion with moderate dips and centroid depths of 15 and
16 km, respectively (Table 2). The best solution for the ML 4.8 earthquake for both P and SH waveforms is
shown in Figure 4a along with the match between the observed (solid) and synthetic (dashed) seismograms
and the resultant source time function. Among the two nodal planes, we chose the NE dipping plane as the
fault plane, as it matches with the geometry of the known thrust fault system in the Himalayas; however the
dips are slightly steeper than usually observed. The strike, dip, and rake for the preferred fault plane of theML
4.8 earthquake is 346∘, 49∘, and 146∘ (shown in the header of Figure 4a) while that of theML 5.0 earthquake
is 326∘, 42∘, and 110∘, respectively. They both strike NW-SE, similar to the strike of the underthrusting Indian
Plate in this region. A minor strike-slip component is also observed in the rake of the ML4.8 earthquake. The
scalar seismic moments for both the earthquakes were of the order of 1017 Nm.
Evenly distributed azimuthal coverage of stations for the P waveform provides a tight constraint to the best
ﬁtting solution and the near-source surface reﬂections constrain the depth of the earthquake. To further
examine trade-oﬀs, we performed tests for depth, strike, dip, and rake. In these tests, the tested parameter is
ﬁxed within certain interval of the best solution and the inversion is performedwith all other parameters free
to vary. The tests for ML 4.8 earthquake for depth, strike, dip, and rake are shown in Figures 4b–4e, respec-
tively. We can see that there is no signiﬁcant change in the modeled strike, dip, and rake with variation in
depth (Figure 4b). The minimum change in misﬁt value (36–41 R/D%) is chosen as the 1𝜎 deviation from
the mean depth. Here we get a depth variation of 16 ± 4 km. However, probabilistic and relative locations
(sections 3.2 and 3.3) showed the uncertainty of depth within ∼1.5 km, also long-period signals used in this
methodology cannot resolve depths smaller than 5 km. Therefore, we stick to the depth uncertainty from our
location results. Similar results were also obtained for theML 5.0 earthquake. Tests for strike and dip showed
normal distribution of themisﬁt value and the 1𝜎 variation was calculated as 6∘ and 8∘, respectively. For rake,
the misﬁt distribution was slightly skewed and the variation is computed as 1𝜎 = 1
2
(Q3 − Q1), where Q1 and
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Figure 4. (a) P (top) and SH (bottom) focal mechanism and waveforms (observed = bold, synthetic = dashed) for the
minimum-misﬁt solution of the ML 4.8 earthquake (Table 2) is shown. The short time function was found to be of half
width ∼2.9 s. The station position is represented in the focal sphere by a letter indicated between the waveform and the
station code. The time window used for the inversion is marked by vertical lines on each waveform. The best ﬁtting focal
parameters are written on the top of the plot. (b) The depth sensitivity plot is shown. Depths were ﬁxed at every 1 km
between 7 and 26 km, allowing all the other parameters to vary freely. The minimum misﬁt is obtained for a focal depth
of 16 km with 1𝜎 deviation of 4 km. Plot of the uncertainty estimation of (c) strike and (d) dip. The minimum misﬁt value
for strike is found to be 346∘ and that for dip is 49∘ . The 1𝜎 deviation for strike and dip are 6∘ and 8∘, respectively.
(e) The uncertainty estimation of rake is shown. It is seen to have a skewed distribution and therefore the spread is
calculated using ﬁrst quartile (Q1) and third quartile (Q3). The best estimated value is 146∘ ± 9∘ .
Q3 represent the ﬁrst and third quartiles of the data. Thedeviation for rakewas found tobe 9∘. One𝜎 deviation
for the strike, dip, and rake ofML 5.0 earthquakewas also computed in a similar way, and the results are stated
in Table 2.
4.2. Source Mechanism of Events Smaller thanML 4.5
To ﬁnd the source mechanism using local broadband data, we used ISOLA (ISOLated Asperities), a
Fortran-basedmoment tensor retrieval software package (Sokos & Zahradnik, 2008, 2013). It employs the the-
ory andmethodology similar to Kikuchi and Kanamori (1991) but on full waveforms instead of just teleseismic
P waves and, hence this method could be applied to local and regional events. In this method, the source is
assumed to be made up of a sequence of point sources of various focal mechanisms. The synthetic seismo-
grams are approximated by the linear combination of far-ﬁeld source time functions (STF) and six elementary
moment tensors. The coeﬃcients of these linear combinations represent the solution set and is obtained by
iterative deconvolution algorithm. Iterative deconvolution involves updating the synthetic seismogram iter-
atively by varying the number of STFs and/or varying the scalar coeﬃcient values, simultaneously calculating
the correlation between the observed and the synthetic seismogram. The iteration is stopped when there is
no signiﬁcant increase in the correlation value any more. For theory, see Kikuchi and Kanamori (1982) and
Kikuchi and Kanamori (1991).
At ﬁrst, displacement records were obtained by removing instrument response from each seismogram and
integrating. The records were band-pass ﬁltered within a range of 0.01–2 Hz. The high frequencies are lim-
ited due to scattering as well as realistic modeling of the waveforms, while the extremely low frequencies do
not provide suﬃcient polarity information. The crustal model was deﬁned by the velocity structure of four
nearest stations (joint inversion results from Sharma et al., 2018, for BADR, PHAG, SMVD, and UDHM) and that
of the intervening region and other stations (the average velocity model is given in Table 1). The number of
velocity models is limited by the program. Several trial sources were deﬁned below the epicenter along with
the catalog focal depth to test the correlation (between the observed and synthetic waveforms) with depth.
Each of the sources is assumed to be made up of triangular moment rate functions of half-width 0.8–1.5 s,
depending on themagnitude of the event. Synthetics were generated for each trial source, and the inversion
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Figure 5. Inversion results for the ML 3.9 earthquake (Table 2) using ISOLA. (a) The correlation between the observed
(black) and synthetic (red) waveforms for all the components of all the stations are shown. Waveforms indicated by gray
were not used in inversion. Variance reduction is indicated in blue. The frequency range used for this earthquake is
0.04–0.25 Hz and is shown on the top of the ﬁgure. (b) The source mechanism in beachball representation is shown. The
polarities of the stations are indicated as U (up) and D (down) motion within the focal sphere. The pressure (P) and
tension (T) axes are also indicated. (c) The plot of correlation with depth is shown. Maximum correlation is obtained for a
focal depth of 12 km. Since the inversion is done for strict double couple, we see 100% DC of the beach balls. (d) A plot
between the source time shift and source number is plotted along with correlation contours. The color scale of the
correlation values are shown on the right. We see that the maximum correlation is obtained for a source time shift of
∼3.5 s. The resultant beachball is increased in size and shown as red. (e) The numerically calculated histogram of strike,
dip, and rake are shown in diﬀerent colors. The 1𝜎 width is marked by black dashed lines (see strike and rake) for
histograms with larger spread. In other cases, the whole histogram is assumed to be of width 1𝜎. ISOLA = ISO-lated
asperities.
was done for a strict double-couple solution as the station distribution is unfavorable for a full moment tensor
inversion. The inversion result for an ML 3.9 earthquake is shown in Figure 5. Figure 5a shows the match
between the observed (black) and synthetic (red) seismograms for all the components of the representative
stations. The N-S component of the station AKNRwas not used in the inversion as it was too noisy. It is shown
as gray in the ﬁgure. The variance reduction for each seismogram is shown as blue numerals. The higher the
absolute value, the better the correlation is. Figure 5b shows the source mechanism in beachball represen-
tation and the polarities of the stations (U for up and D for down motion) are indicated. Figure 5c shows the
correlation with depth variation. We see that the correlation is highest for a depth of 12 km. Source time shift
is the diﬀerence between the moment rate function center time and the rupture nucleation time. The plot
between the source time shift and source number is shown in Figure 5d. The source mechanism at each grid
point is shown against correlation contours (color scale). The maximum correlated solution is obtained for a
source time shift of ∼3.5 s, and the resultant beach ball is shown in red. ISOLA allows for the numerical con-
struction of an error ellipsoid by regularly sampling the parameter space around the best solution (Sokos
& Zahradnik, 2013). From the error ellipsoid, a statistical set of strike, dip, and rake are obtained whose his-
tograms canbeconstructed. Figure 5e shows suchhistograms for strike, dip, and rakeof theML 3.9 earthquake.
The thick red line represents the optimal solution. The width of the 1𝜎 deviation is indicated by dashed line
(see strike and rake) when the spread is large; otherwise the whole distribution is assumed 1𝜎. The strike, dip
and rake of the two nodal planes are found to be 294 ± 4∘, 75 ± 2∘, 71 ± 4∘, and 166 ± 5∘, 24 ± 2∘, 140 ± 4∘,
respectively. Similarly, the source mechanism and their uncertainties for all the other earthquakes were also
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computed and are tabulated in Table 1. The source mechanisms of all the 21 computed events are shown in
Figure 6 in the map and two cross sections (B1–B1’ and B2–B2’) along with the mechanisms of some older
events. The mechanisms calculated using global data are shown in green, mechanisms using local data in
orange and that of older events (1980 andMay 2013) inmagenta. Sourcemechanism of all the earthquakes in
the NE cluster shows dominant thrust motions with the dip direction toward NE or N-NE. However, the focal
mechanisms of most of the events in the SW cluster are dominantly normal, which is very uncommon in a
thrust regime. The details of this observation and the implications of all the results are discussed next.
5. Discussion
5.1. Local Ramp Structures on the Underthrusting Indian Plate between MCT and Kishtwar Window
Our analysis shows the recent seismic activity in the region between theMCT and KishtwarWindow (Figure 3).
The activity reveals itself in two distinct earthquake clusters separated by a distance of ∼22 km. The clusters
align parallel to the strike of the underthrusting plate in the western syntaxis (NW-SE strike) but at diﬀerent
depths. TheNEcluster concentrates at agreater depth than theother and is very close to theKishtwarWindow.
The southern and eastern part of the Kishtwar Window coincides with the 3.5-km elevation contour (dashed
red line in Figure 2). The 3.5-km elevation contour is identiﬁed as a proxy to the locking line in the central
Himalaya, north of which the Indian Plate creeps aseismically at depths below∼18 km (Bollinger et al., 2004).
Weobserve that the earthquakes (in theNE cluster),which are in theperipheryof the3.5-kmelevation contour
lie at depths of ∼15–18 km while those away from it are shallower (13–14 km) (Figure 6). We do not see any
earthquakes farther to the northeast, which implies that these deep earthquakes (depth 15–18 km)mark the
locking line in the Kishtwar Window. The largest earthquakes in our analysis (ML 5.0 and 4.8) also lie in this
region. The rapid change in depth of the events from ∼13 to ∼16 km might indicate the presence of a steep
frontal ramp just west of the Kishtwar Window. To test this, we plotted the strike and dip directions of the
fault planes of all the earthquakes analyzed in this study using geological map symbols (Figure 7a). The line
segments showing dip direction were scaled by the dip amount. The judgment of the fault plane is made
on the basis of dip direction. The nodal plane whose dip direction had an east component (similar to the
dip direction of the known thrust sheets—MCT, MBT, etc.) was chosen. It is seen that the dips of the deeper
events (close to the Kishtwar Window trace) were greater than those of the shallower events. Taking depth
of all the events and considering dip, we made depth contours (Figure 7a). From the contour plot (NE cluster
region), we see that the depth increases from 13 to 18 km over a distance of ∼12 km, which gives a localized
dip of ∼22∘. We plotted the apparent dips of the events (not true dips because the strike of the events and
cross section vary) in both the cross-sections B1–B1’ and B2–B2’, respectively (Figures 7b and 7c). A trace
through the apparent dips in the cross-section B1–B1’ (Figure 7b, green dashed line) highlights the steep dip.
In Figure 7c, the trace (green) shows a concave-convex surface. To simplify, we made two blocks (in green)
dipping to the NE and N-NE (Figure 7d), respectively, as the two convex surfaces and a gap representing the
concave surface. These two blocks (exaggerated in dimension) represents a steep frontal ramp model in the
Kishtwar Window region and is able to explain our observations in terms of dip, dip direction, and seismicity.
The strike anddip direction of the events in the SWcluster seismicitywere not as straightforward as the events
in the NE cluster. Here ﬁve out of six events were found to have undergone normal motion. The fault plane
solution for all the earthquakes in this cluster showed two possible orientations: (i) NE-SW striking faults with
gentle to moderate dips in the SE direction (Figure 7d) or (ii) East/E-NE striking near-vertical faults (Figure S2
in the supporting information). The presence of normal faults creates a stir initially; however, literature survey
reveals that normal faults are not so uncommon in this region. Normal faults likeOldham’s lost fault have been
reported earlier in this region (Bilham et al., 2013; Schiﬀman et al., 2011), although at very shallow depths. In
view of this, we chose theNE-SW striking nodal plane as the fault plane for the time being.Wewill also discuss
the consequences of choosing the other nodal plane as the fault plane later in the text. Depth contours based
on the depths and dip of events show contours gradually shallowing in the NW direction. Traces through the
apparent dips in cross-sectionB1–B1’ (Figure 7b,magentadashed lines) showsanupwarped regionat adepth
of 8–12 km. Numerous such arch-like traces can be imagined perpendicular to the plane of the cross section
(drawn as one on top of the other). The trace (magenta) in cross-section B2–B2’ (Figure 7c) clearly shows
an elevated region. Since the depth of the events shallows in the NW direction and the computed source
mechanisms show dip in the SE direction, we presume that the earthquakes lie on a SE dipping structure.
The simplest block diagram that can represent our observations is a wedge or lateral ramp dipping in the SE
direction with a ﬂat portion on the top (shown in magenta in Figure 7d). The ﬂat portion is drawn to take
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Figure 6. Plot of source mechanisms, as beachballs, of all the earthquakes used in this study in map view and cross
sections along two proﬁles B1–B1’ and B2–B2’ perpendicular and parallel to the deformation front, respectively. The
depths of the event are indicated above the beachball in map view. The remaining microseismicity is plotted in the
background as circles (black in map, gray in cross sections). The source mechanisms shown in magenta correspond to
two 1980 MW 5.5 events (GCMT solutions, reviewed ISC location) and May 2013 MW 5.6 earthquakes (Mitra et al., 2014).
The source mechanisms obtained by global data (ML ≥ 4.5) are shown as green while that using local data (ML<4.5 are
shown in orange. The cyan triangles represent stations. The actual 3.5-km elevation contours are shown by thin
dash-dotted lines (red). The representative 3.5 elevation contour is approximated from the actual contours and is
represented by thick red dashed line. Approximated topography of the Main Himalayan Thrust is shown as dotted lines
in the cross sections. The known geological features—Main Central Thrust and Kishtwar Window (KW1)—are indicated
on the cross-section B1–B1’ as diamonds (blue)
into account the fact that depth of some of the events increases in this part. The lateral ramp lie between the
Kishtwar Window and MCT at a depth of 7–13 km and has an average dip of 13∘. This lateral ramp structure
can also explain the presence of normal faults if extension occurs along the ramp in the SE direction. The dip
of the 2013 Kishtwar event was also found to be steeper than usual (Mitra et al., 2014). This could indicate the
presence of more lateral ramp-like structures to the SE of our observation.
If the two local structures are joined in the simplest way, we see two bulge structures connected by a ﬂat
(dotted line in Figure 7b). Geological studies on the Kishtwar Window and its vicinity (Singh, 2010; Thakur,
1998), often show a reclined S-shaped topography of the overlying thrust sheets (MCT, Kishtwar thrust, etc.)
similar to what we have found here, but at much shallower depths. Joint inversion of receiver function and
surface wave dispersion study in this region (Sharma et al., 2018) shows the MHT at 10–14 km for station
BADR and 14–16 km in PHAG. These two stations are closest to the SW cluster and theNE cluster, respectively.
West of our study region, the MHT is found at depths of 8–10 km (SMVD). Another joint inversion of receiver
function and dispersion study (Mir et al., 2017) in the Kashmir Basin (NW of the Kishtwar Window) shows
the MHT at ∼15 km. Therefore, we can infer that all the earthquakes of the NE cluster and the earthquakes
lying at a depth of 8–13 km in the SW cluster occurred on the MHT and not on the overlying thrust sheets
and that the MHT topography has two elevated structures. It also implies that the S-shaped topography of
the MCT and the other thrust faults reported in the geological studies in this region are inﬂuenced by the
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Figure 7. (a) Plot of the strikes and dips of the preferred fault planes of all the earthquakes used in this study in map
view. The strike and dip of 1980 and May 2013 events are drawn in magenta while that of other events in blue. The
depths of the events are shown adjacent to them. Proﬁles B1–B1’ and B2–B2’ are drawn as cyan lines and stations as
cyan triangles. The background seismicity is shown as circles. Contours are drawn in red based on the depth of the
bigger events, their dips, and the depth of the background microseismicity. (b) The apparent dips of the events on
cross-section B1–B1’ are shown in blue. The traces through the apparent dips of the events in NE cluster is shown by
green dashed line, while that for events in the SW cluster is shown by magenta dashed line. The dotted trace joins the
two local structures in the simplest possible way. The inferred Main Central Thrust and Kishtwar thrust (KT) traces are
shown as black dashed line and are partially inspired from Singh (2010). (c) The apparent dips of the events on
cross-section B2–B2’ is shown in blue. The envelope through the apparent dips of the events in NE and SW clusters are
shown in green and magenta, respectively. (d) Block diagrams representing the inferred geometry are drawn in map
view with slight vertical exaggeration. The structure close to NE cluster is shown in green while that close to SW cluster
is in magenta. The arrow heads indicate dip direction of the blocks. The strike and dip of the individual events are
shown in gray.
topography of the MHT. Upwarping of the overlying thrusts due to the MHT structure were also reported in
Sikkim (Paul &Mitra, 2017). Two relevant observations from the Sikkim Himalaya regarding the dome-shaped
(or elevated) structures on the MHT are as follows: (i) they can give rise to a network of fractures and hence
microseismicity in the region overlying them, and (ii) they can make the overlying thrust sheets wrap around
them resulting in an arcuate surface expression (Paul &Mitra, 2017). Similar observations are seen here aswell.
We see microseismicity lying at a depth of ∼4–7 km just above the ﬂat portion of the ramp structure (in the
SW cluster). The MCT just west of this elevated structure has greater curvature compared to its adjacent parts
(Figures 7a and 7d). We also see normal faulting perpendicular to the deformation front, which is diﬃcult to
explain in the absence of a lateral ramp. These evidences strongly validate the existence of lateral ramp. The
steep dip of the Kishtwar thrust (as reported in Singh, 2010) compares well with the steep ramp of the MHT
beneath the NE cluster of events, while the gentler dip ofMCT (Singh, 2010) is similar to the gentle dip ofMHT
beneath the SW cluster of events. These coincidences can be associated with the splaying of the Kishtwar
thrust and the MCT from the MHT at these two regions.
5.2. Importance of Lateral Heterogeneities and Their Implications in the Southeastern Jammu
and Kashmir Himalaya
Bilham et al. (2013) and Schiﬀman et al. (2011) reported normal faults in the SE edge of Kashmir Valley
(33.56∘N, 75.51∘E) ∼30 km NW of the location of theML 4.0 normal fault earthquake in this study. These nor-
mal faults were originally identiﬁed by Oldham in the year 1881 andwere referred to asOldham’s lost faults on
their rediscovery (Bilhamet al., 2013). The rediscovered normal faults liewithin a few kilometers of the surface,
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while the normal faults computed in this study lie at a depth of ∼7–13 km and hence the two could not be
linked. However, we did ﬁnd numerous similarities between the two. Bilham et al. (2013) and Schiﬀman et al.
(2011) noted that these near-surface faults could have been caused by bulge/ﬂexure along an east-southeast
axis on the Indian Plate. Interestingly, the lateral ramp/elevated structure interpreted in this study also dips
in the southeast direction (Figure 7) and the surface normal faults (which are located to the northwest of the
deep normal faults) align exactly updip of the lateral ramp structure. Bilham et al. (2013) and Schiﬀman et al.
(2011) also reported the presence of ﬁve faults with 5-km spacings south-southeast of the Oldham’s lost fault.
All these faults seem to follow the dip of the ramp structure. The shallow normal faults are probably caused by
gravity collapse in themountains (topof thehangingwall and thewedge, Bilhamet al., 2013). Similarly,we can
argue that such gravity collapse can occur within or at the bottom of the hanging wall along the ramp struc-
ture present on the foot wall surface. This is also in accordance with the fact that the geometry of the shallow
structures often closely resemble the geometry of the MHT zone. The normal fault earthquakes (this study)
detectedwithin the vicinity of theMHTcouldhavebeen causedby this process. Schiﬀmanet al. (2013) pointed
out folding near Riasi, which are also associated with underthrusting bulge structure; however, the reported
bulge is at a distance of∼50 kmNWof ourmodeled lateral ramp (Figure 2 in Schiﬀman et al., 2013). This result
implies the presence of more lateral/elevated structures in this region. The lateral ramp or the elevated struc-
ture found here can be regarded as a lateral heterogeneity on the underthrusting Indian Plate within a crustal
shortening regime. Similar lateral heterogeneity in the form of lateral ramp was also suggested on the MHT
beneath Kangra recess and Nahan salient (Rajendra Prasad et al., 2011). This region is ∼150 km southeast of
our study region and almost coincides with the SE edge of the 1905 Kangra rupture zone (Figure 1). Rajendra
Prasad et al. (2011) hinted this lateral ramp terminating the 1905Kangra earthquake rupture as onepossibility.
The capability of lateral heterogeneities terminating rupture propagationwere discussed in detail for subduc-
tion scenarios in Wang and Bilek (2011) and its applicability to the MHT in the Sikkim Himalaya in Paul and
Mitra (2017). Themagnitudeand locationof the1555earthquakewasonlybasedon six felt reports, andhence,
its dimensionsof rupture areonly approximate, yetwe can say that thebulge structures reportedbySchiﬀman
et al. (2013) exist to the SE of the rupture edge. If that is the case, it is possible that the lateral rupture propaga-
tionof the 1555 earthquake could havebeen curtailedby these lateral heterogeneities. A plot of the seismicity
in the last 100 years shows large concentration of shallow seismicity coincidingwith the NW edge of the 1905
Kangra rupture zone (Figure 1). Also, the aftershocks of the 1905 Kangra earthquake occurred southeast of the
mainshock (Szeliga & Bilham, 2017) only. It might again indicate the presence of more lateral heterogeneities
in the NW edge of the 1905 Kangra earthquake rupture, which prevented aftershocks in this direction. How-
ever, this supposition needs to be backed-up by more concrete evidence before anything conclusive can be
suggested. We could see how the edges of the rupture zone of the 1905 Kangra earthquake and the possible
rupture zone of 1555 earthquake coincided with the presence of lateral heterogeneities (like lateral ramps,
elevated structures, or shallow seismicity). A few possible scenarios evolve out of these evidences regarding
the megathrust earthquakes—(i) rupture initiating at smooth surfaces (absence of heterogeneities) are not
able to propagate beyond these lateral heterogeneities resulting in less-than-expected slip and magnitude,
(ii) weak coupling between the footwall and hanging wall (lateral heterogeneities like elevated structures on
the footwall creates a network of fractures or creep zone on the hanging wall (Wang & Bilek, 2011)) lessens
stress buildup, and/or (iii) if suﬃcient amount of stress is accumulated in the smooth region without slipping
over a longerperiodof time, itmightbeable tobreakpast theseheterogeneities resulting in averygreat earth-
quake as estimated in Schiﬀman et al. (2013). The slip deﬁcit of ∼14 mm/year observed in the NW Himalaya
(Banerjee & Bürgmann, 2002) could be partially due to the ﬁrst scenario. The interseismic coupling results
using GPS geodesy (Stevens & Avouac, 2015) show lack of coupling in the region where we and others
(Rajendra Prasad et al., 2011; Schiﬀman et al., 2013) have located the heterogeneities but intense coupling
at the edges which supports our second scenario. The longer duration of quiescence since the 1555 earth-
quake might also indicate accumulation of more slip according to our third scenario. The absence of great
earthquakes in the SE Kashmir and the Jammu Himalaya might be a consequence of these heterogeneities;
however, it also opens up the possibility of greater-than-expected great earthquakes in the region when
suﬃcient stress is accumulated.
5.3. Structural Control, Strike Slip Component, and Possible Causes of the SW Cluster of Seismicity
The greatest earthquake in the north Kashmir andHazara Syntaxismanifested in 2005 as aMW 7.6 earthquake.
The 2005 Kashmir earthquake did not occur on the MHT but on a steep splay fault, and it was demonstrated
to be an out-of-sequence thrust earthquake (Avouac et al., 2006). Kaneda et al. (2008) also aﬃrmed that
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neither the MBT nor the MFT took part in the 2005 Kashmir earthquake but an intervening fault called the
Bagh-Balakot fault. The fault rupture of the 2005 Kashmir earthquake terminated abruptly in the hairpin cor-
ner of the Hazara Syntaxis (Avouac et al., 2006) but stresses continued to release in a blind wedge thrust
beneath the IKSZ (Bendick et al., 2007). It demonstrates the strong structural control on fault rupture in the
western syntaxis. Similarly, NW of the Kishtwar thrust (i.e., in the direction of updip of the deformation front),
the presence of lateral heterogeneities inﬂuence strong structural control. In terms of slip, the dominant
regime in the western syntaxis is NE-SW shortening (Banerjee & Bürgmann, 2002; Bendick et al., 2007) instead
of right-lateral shear, which is expected in the syntaxes due to crustal extrusion. The slip of the 1905 Kangra
earthquake was also mainly reverse, but a small percentage of strike-slip component was computed for var-
ious location of the estimated fault endpoint (Wallace et al., 2005). By geologic mapping and paleoseismic
studies, Malik et al. (2015) identiﬁed an active dextral strike-slip fault in the Kangra Valley (and named it as
Kangra Valley Fault) and inferred it to be the surface rupture of the 1905 Kangra earthquake. However, Szeliga
and Bilham (2017) estimated only 0.6 m of dextral slip on the Kangra Valley Fault (KVF), if at all it slipped,
which could contribute only about 2% of the total moment released in the 1905 Kangra earthquake. On the
contrary, they found good probability for the presence of a dextral component to the dip slip alongMHT. The
sourcemechanism computed in our study also showed the presence ofminor strike-slip component for a few
dip slip events along the MHT. The 1905 Kangra earthquake might not have occurred on the KVF, nonethe-
less KVF is identiﬁed as an active 60-km strike-slip fault known to have slipped most recently post 1620
(Malik et al., 2015). Additionally, at least threemoderate earthquakes in the year 1968, 1978, and1986occurred
at a depth range of ∼10–15 km in the Kangra Valley (Kumar & Mahajan, 2001) and they showed prominent
strike-slip components to dip slip along the MHT. These earthquakes had nodal planes striking transverse to
the Himalayan trend very similar to some of the events computed in this study. All these evidences indicate
the existence of strike-slip motion, however small, in the Kangra reentrant and Kishtwar window.
The observed SW cluster of seismicity appears ∼22 km southwest and updip of the seismicity in the main
crustal ramp (locked zone). This phenomenon is unusualwhere stresses seem to propagate updip skipping an
extended region. It also raises the question whether the ﬂat decollement between the two seismicity clusters
is creeping. Neither do we see any seismicity (neither in the plot of the events from each step of our location
analysis nor in the plot of historical seismicity from 1905 to 2013) in the region between the two clusters, nor
do the pressure-temperature condition at these depths (∼10–13 km) or the elevation contours above this
region supports creeping. Creeping of the horizontal fault due to the existence of extremely high ﬂuid pres-
sure on the decollement can also be disproved as we do not see any extremely low velocity zones at these
depths from joint inversion studies (Sharma et al., 2018; Mir et al., 2017). On the contrary, there is suﬃcient
evidence of the existence of lateral heterogenities trending transversely to the strike of the Himalaya (defor-
mation front) as well as the existence of a small amount of strike-slip component to dip slip in these regions.
We believe that the seismicity in the SW cluster is probably a resultant of the strike-slip component (both
dextral and sinistral) of the plate motion loading/unloading stresses on the lateral heterogeneities within
the underthrusting plate. On the other hand, if we assume the east striking nodal plane as the fault plane, a
simplistic block diagram (Figure S2 in the supporting information) indicate oﬀsets between vertical blocks.
This shows extension parallel to the crustal shortening and is very unlikely. We also tested the possibility of
reservoir-induced seismicity. We found that the active dams over Chenab (Figure S3 in the supporting infor-
mation) are far away from the SW cluster of seismicity. The Ratle dam which would be closest (∼15 km to the
east) to the SW seismicity cluster is not operational yet. Chenab is a huge erosional valley and its location coin-
cides with the SW cluster of seismicity. Unloading of the sediment mass would lead to release of potential
energy, and hence, faulting or reactivation of faults could occur. We found that the sediment yield of Chenab
is highest during theMonsoon (July–September) and yields about 438.7 t/km2 of sediment at an average dur-
ing this period in Premnagar (a region closest to SW seismicity cluster; Rao et al., 1996). A monthly histogram
shows the seismicity in the SW cluster peaking during this period (August–October;Figure S4 in the support-
ing information), which might indicate a causal relationship between the two. The potential energy transfer
due to erosion might also favor the occurrence of normal faults by gravity collapse mechanism. From these
analyses, we found twopossible causes of the SW cluster of seismicity—strike-slipmotion loading/unloading
stresses on the lateral heterogeneities or gravity collapse backedby potential energy transfer due to sediment
loading/unloading on the river Chenab. However, our analysis is unable to pinpoint the actual cause among
the two at this moment and this will need further detailed research.
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6. Conclusions
The recent seismic activity in the southeastern edge of the Kashmir seismic gap revealed a steep frontal ramp
near the locked portion of theMHT and lateral heterogeneities in the form of lateral ramp and elevated struc-
ture (NW of lateral ramp) on the underthrusting Indian Plate. The steep frontal ramp coincides with the steep
Kishtwar thrust. Dominant thrust motion and earthquakes as large as ML 5.0 in this ramp indicate crustal
shortening. The lateral ramp structure between the Kishtwar thrust and MCT exhibit the presence of normal
faults. The two possible causes inferred from our analysis for the existence of normal faults are—(i) the abun-
dant strike-slip component loading/unloading stresses on the lateral heterogeneities or (ii) sediment yield
over the river Chenab, transferring potential energy to cause gravity collapse within or bottom of the hang-
ing wall. Elevated structures are known to cause a network of fractures andmicroseismicity. The very shallow
seismicity (4–7 km) in the SW cluster could be due to these network of fractures caused by the elevated ﬂat
structure existing northwest of the frontal ramp. The elevated structure mapped in this study and bulged
structures from other studies and the associated seismicity extend from at least 76.5∘E to 75.5∘E longitude,
which coincide with the northwestern edge of the 1905 Kangra earthquake and the approximate SE edge of
the 1555 earthquake or intervening region of the Kashmir Gap, respectively. These lateral heterogeneities has
the potential to create a network of fractures within the hanging wall, which acts as a creep zone for the foot
wall to move with ease. This leads to the weak coupling between the footwall and the hanging wall within
the region of asperities, but very strong coupling outside of it. We conjecture if a suﬃcient amount of slip is
accumulatedwithin the smooth portion of theMHT, it might be able to break past the asperities giving rise to
very great earthquakes. One such smooth region is the meizoseismal zone of the 1555 earthquake with the
possibility of its rupture zone extending further SE under high slip accumulation and longquiescence interval.
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